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The focus of this thesis project is to implement and compare two different control methods in 
the Murdoch University pilot plant, as well as to develop a model-based simulation of the pilot 
plant and to validate the performance of the simulation using the data gathered from the real 
world. These two objectives will both be met over the course of this project. 
The first objective is to implement Proportional – Integral (PI) control and Dynamic Matrix 
Control (DMC) into the pilot plant and gather data to compare the two methods. A new control 
spread sheet was created in Microsoft Excel and used to monitor and control the entire pilot 
plant process. Both control methods were implemented into the same spread sheet, which used a 
loop time (Δt) of 5 seconds. The PI controller was implemented by using the Velocity Form 
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𝜀(𝑘 − 2)] and tuned 
using the Auto Relay Tuning method along with the Ziegler-Nichols Stability Margin Controller 
Tuning Parameters. DMC was implemented with a control horizon of 10, prediction horizon of 
120, W1:W2 ratio of 10, and by using the equation ∆𝑚𝐷𝑀𝐶 =  (𝐴
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′.  The 
two control methods were then tested, and after comparing the results, it was determined that 
the performance of the PI controller was better for this particular application.  
The second objective is to develop a model based simulation of the pilot plant using Matlab and 
Simulink. This was achieved and three variations of the model were created: one for open-loop 
operation of the plant with no control, one for automated PI control over the entire plant, and 
one with DMC control over the temperature system with PI control over the level system. When 
this was completed, the results were taken from the model and compared to the results taken 
from the physical plant. Comparing these results proved that the model created in Simulink was 
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Chapter 1 Introduction 
There are two main goals of this thesis project. The first is to implement two different control 
methods (PI control and DMC) in the Murdoch University Engineering pilot plant and to 
compare the results. The second is to create a model based simulation of the plant, and the 
results of the model will be validated against the results gathered from the physical plant. 
The simulation that will be designed in this thesis will be done so in Simulink, a model-based 
simulation platform that uses a block diagram design. Simulink is produced by Mathworks, and 
is an add-on extension to one of their other programs called Matlab. Matlab is a matrix-based 
computational platform that is designed to solve engineering and scientific based problems [1]. 
Some physical industrial plants can take hours or even days to even start up, not including any 
time it takes to perform physical tests. This means that a simulated model can be extremely 
useful for research and testing, due to being easy to use and also because the run time of a 
simulation can be made to be much faster than running a physical plant. 
A similar thesis was completed in the 1999 by a student named Paul Krumpelman when the 
pilot plant was first constructed, and has not been done in a thesis project since [2]. Due to the 
fact that this has not been done in such a long time, it was decided that this thesis topic would be 






Chapter 2 Project Background 
Information 
2.1 Murdoch University Pilot Plant 
The Murdoch University Pilot Plant is a scaled-down and simplified replica of the Bayer 
Process, which was installed and commissioned in 1999. The pilot plant was constructed by 
Murdoch University with the assistance of major sponsors Alcoa Australia, Control & Thermal 
Engineering Pty Ltd, and Honeywell, and is still operational today. It is used by Instrumentation 
and Control engineering students in their third and fourth years, and provides these students 
with a physically larger process which is designed to behave similarly to one which would be 
encountered in industry. 
The pilot plant is operated with the use of water, compressed air, steam, and electrically 
powered pumps. Figure 1 shows a diagram of the pilot plant and how it is set up. There are three 
main stages to the pilot plant: the ball mill stage, the needle tank stage, and the heated tank 
stage. Each stage can be operated independently or operated simultaneously. 
The ball mill stage begins at the supply tanks. These are the two largest tanks in the system and 
are used to store water that will be sent through the rest of the plant. From there, water is 
pumped through the feed pump (FP_141) to the ball mill, and then in to the ball mill tank. From 
the ball mill tank, water is then pumped through the ball mill pump (BMP_241) into the 
hydrocyclone. 
The hydrocyclone is a cone shaped piece of equipment with one inlet and two outlets. Water 
coming into the cyclone will spin around the cone, and then generally fall down and out through 
the bottom outlet and into the cyclone underflow tank. However, if the water flow rate is high 
enough then the water will spin around the cone and be pushed up through the top outlet and up 
into the lamella tank. The faster that water is pumped out of the ball mill pump, the more water 
will be sent out of the top outlet of the hydrocyclone into the lamella tank and the less water will 




Figure 1 Murdoch University Engineering Pilot Plant Diagram (photo taken by myself) 
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The water that flows into the cyclone underflow tank is either pumped back into the ball mill 
tank via the cyclone underflow recycle pump (CRP_341) or pumped directly back to the supply 
tanks via the cyclone underflow pump (CUP_361). The water that is pushed up out of the 
hydrocyclone and into the lamella tank generally flows down into the drain, but it can also be 
pumped back into the supply tanks via the lamella underflow pump (LUP_421). If enough water 
is pumped in, the lamella tank can be made to overflow into the needle tank. This is relatively 
simple to achieve, yet difficult to maintain at this point in time due to there being no level 
sensor in the lamella tank. This could be implemented in the future to allow for precise level 
control over the lamella tank and to further integrate the different stages of the plant together. 
The second main stage of the plant is the needle tank stage, which begins at the non-linear tank. 
Water flows in to the non-linear tank via the raw water valve (FCV_542) and is then pumped 
out through the flow disturbance pump (FDP_521) into the needle tank. From the needle tank, 
water is then pumped to the first CSTR in the heated tank stage via the needle tank pump 
(NTP_561). There are also two valves that allow the needle tank pump to pump water back into 
the supply tanks and ball mill tank, however as the needle tank pump is the primary source of 
water flow for the heated tank stage of the plant, these valves are currently not used by students. 
The final stage of the plant is the heated tank stage. This stage includes three insulated 
Continuously Stirred Tank Reactors (CSTR’s), a steam valve for each tank, and a separate tank 
known as the Dye tank that feeds in to each of the three CSTR’s. Water flows from the needle 
tank into CSTR 1, which fills until it overflows into CSTR 2, which then fills until it overflows 
into CSTR 3. Each heated tank has a steam coil that runs through it, allowing the temperature in 
each tank to be individually controlled. The water can then be pumped from the product pump 
(PP_681) either directly to waste or recycled back into any one of the three tanks. The amount 
of water that flows through each recycle stream cannot be measured at this time, and so all 
water was pumped directly to waste during this thesis. This is another improvement that could 
be made to the plant in the future. 
  
2.2 The Bayer Process 
The Bayer Process is the process by which bauxite is refined to produce alumina. The full-scale 
process has many stages of operation, although the pilot plant simulates only three of these 
stages: Digestion, Clarification and Precipitation. The pilot plant also does not run on slurry and 
instead is run only with water. Despite this, it still provides students with a good platform to 
work with and gain experience on a physical system.  
6 
The Digestion stage of the Bayer process is simulated by the Supply tanks, Ball Mill, and Ball 
Mill tank. This stage of the Bayer Process involves transporting the ore from storage, washing it 
and grinding it, then mixing it with a solvent in order to remove the desired ore [3]. In the pilot 
plant, this is done by passing liquid from the Supply tanks, through the Ball Mill and into the 
Ball Mill tank. 
The Clarification stage of the Bayer process consists of separating the heavy solids from the 
desired liquor, usually by means of filtration or gravitational separation [3]. This is simulated in 
the pilot plant by using the hydro-cyclone to spin the water that passes through it, with any 
heavy solids falling down to the Cyclone Underflow tank and the lighter liquid being carried up 
into the Lamella tank. Once in the Lamella tank, any remaining solids are left to sink to the 
bottom of the tank and the liquid overflows into the Needle tank. 
The final stage of the Bayer process that is simulated in the pilot plant is the Precipitation stage. 
This involves removing alumina crystals from the liquor, and is represented by the three Heated 
CSTR’s and the Dye tank [3]. Although the Dye tank is not currently in use, the purpose is to 
separate the dye from the water as it flows through the heated CSTR tanks, allowing the water 
to overflow and move from tank to tank, while the dye crystallises in the bottom of each of the 
tanks. 
 
2.3 Control Methods 
Two different control schemes will be used and compared in this thesis project: Proportional – 
Integral (PI) Control, and Dynamic Matrix Control (DMC). These two control schemes have 
been widely used in industry applications for many years, and each has areas in which they are 
most useful. For example, PI control is an effective control method which is relatively simple to 
implement, while DMC has the potential to provide much better control over a more complex 




2.3.1 PI Control 
PI controllers are a basic form of feedback control that incorporate a proportional term and an 
integral term. The Proportional term, known as the controller gain, is directly affected by the 
difference between the system set point and the process variable (known as the error signal). 
The error is then multiplied by the gain of the controller in order to determine the necessary 
controller action. Controllers with only a proportional term often result in offset, which can be 
reduced or eliminated by adding an integral term to the controller. A system has offset when 
there is a difference between the system set point value and the steady state value that is 
reached.  
The Integral term, known as the integral time, is affected by the integral of the error signal over 
time. Integral time is added in order to help remove offset from the system, because the integral 
of the error will force the error signal to zero over a period of time. PI control can be easily 
implemented into many systems, and has been implemented in the pilot plant previously with 
reasonable success. While the main objective of this thesis is to implement DMC into the 
temperature system in the pilot plant, PI control will be used to show the differences between 
simple and complex control systems [4]. 
 
2.3.2 Dynamic Matrix Control 
DMC is a form of Model Predictive Control, meaning that it uses a model of a system in order 
to predict how that system will react to any changes made, and then takes appropriate action. 
DMC was developed by Shell Oil Company and officially released in the late 1970’s, however 
Shell had been privately using the concept of DMC for many years before its public release [4]. 
The basic principal behind DMC is to use a step response model of a system to predict how the 
system will behave over a period of time. This involved creating a series of matrices that 
represent the behaviour of the system in both the past and future, and then use those matrices to 
predict how the system will react to any number of changes introduced. A DMC has five tuning 
parameters: the control horizon (U), the prediction horizon (V), the gain matrix (KDMC) and two 
weighting parameters (W1 and W2). All of the parameters are defined by the user, except for 
the gain matrix, which is created using the system response data and all of the subsequent 
matrices [5]. 
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The control horizon is the parameter that determines how many control actions into the past and 
future that the DMC is required to calculate, and the prediction horizon is the parameter that 
determines the length of time that the controller is required to predict the behaviour of the 
system. These two parameters are generally chosen by the user, however when selecting a value 
for the prediction horizon, the user must take into consideration the time constant for the step 
response model of the system, as well as the loop time of the controller, as these will often help 
determine how long the prediction horizon should be [5] . 
The dynamic matrix gain is not a parameter that can be actively set or chosen by the user, it is 
instead calculated from the step response data gathered from the system or model. The step data 
is used to create multiple different matrices, which are then used in conjunction with the 
weighting matrices W1 and W2 in order to calculate the gain matrix [6]. 
Once the matrices have been created, the behaviour of the controller can be manipulated by 
altering the ratio of W1 to W2, which will assign priority to either the error matrix or the 
manipulated variable matrix. A high ratio controller will act quickly and aggressively to reduce 
the error in the system, where as a small ratio controller will act more slowly and not make any 




Chapter 3 Gathering Physical Data 
The first step to commencing work on this thesis was to gather as much physical data about the 
plant as possible. This included taking the physical measurements for the height, area, and 
useable volume of each tank, as well as the measuring the flow characteristics for the pumps 
and valves. All of the data that was collected was later used in both the control spread sheet and 
simulated model design. 
 
3.1 Tank Data 
The internal dimensions of all tanks (excluding the Supply Tanks and Lamella Tank) were 
measured and recorded, and are displayed in Table 1. The Supply Tanks and the Lamella Tank 
were not measured due to being unable to physically measure the internal dimensions of the 
tanks. Since the dye tank is not currently in operation, it was also excluded from this thesis. 
More information on why the dye tank is not in use and recommendations on how to adapt the 
dye tank so that it is better suited to the system can be found in the thesis written by David Pol 
[7]. These measurements were used to calculate the volumes of each of the tanks, and were also 
used in the control spread sheet and simulation. It should be mentioned that each tank has 
objects such as agitators inside them, which will affect the volume readings seen by the 
program. As such, these values are expected to be slightly different to those values seen by the 
measurement instruments. It is also important to note that due to the shape of the non-linear 
tank, the level sensor does not provide accurate readings in the lower, non-linear section of the 
tank. This was taken into account in the creation of the spread sheet and the model, as well as 
choosing the steady state operation conditions for the plant, and the values displayed in Table 1 
are based only of the linear section (30% and above). 
Table 1 Tank measurement data 











Ball Mill tank LT_222 0.395 0.469 0.1225 0.0575 57.472 
Cyclone Underflow tank LT_322 0.288 0.549 0.0651 0.0358 35.764 
Non-Linear tank LT_542 0.292 0.556 0.0670 0.0372 37.233 
Needle tank LT_501 0.097 1.365 0.0074 0.0101 10.087 
CSTRs LT_667 0.396 0.413 0.1232 0.0509 50.866 
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3.2 Valve Data 
There were four valves that were measured for flow in the plant: the raw water valve that 
supplies water to the Non-Linear tank (FCV_542), and the three steam valves that supply steam 
to the three heated tanks (FCV_622, FCV_642, and FCV_662). Each valve was opened to a 
certain value, and then the water that flowed out of the valve over a minute was captured and 
measured. In the case of the steam valves, it was assumed that all of the steam that flows 
through the valve had condensed into water within the steam coils. This process was repeated 
three times before proceeding to the next step. When taking a measurement, each valve was 
stepped back down to zero before being stepped to the desired value. This was done to avoid 
any hysteresis that may affect the values obtained in the tests. The raw water valve had 
measurements taken at every 5% step, while the steam valves had measurements taken at every 
10% step. The data was gathered and entered into Microsoft Excel, which was used to provide 
the flow equation. The equations for the steam valves are linear and take the form: 
𝑦 = 𝑎𝑥 + 𝑏 
Equation 1 Steam valve flow equation 
 
Where y is equal to the flow rate of steam through the valves in litres per minute and x is equal 
to the position of the valve between 0 and 100.  The equation for the raw water valve is a 
polynomial and takes the form: 
𝑦 = 𝑎𝑥2 + 𝑏𝑥 
Equation 2 Raw water valve flow equation 
 
Where y is equal to the flow rate of water through the valve in litres per minute and x is equal to 
the position of the valve between 0 and 100. The equations for the flow curves were gathered 
and are displayed in Table 2, and the data plots can be found in the appendix. 
Table 2 Valve flow data 
Valve Name Valve ID Flow Equation 
Raw Water Valve FCV_542 𝑦 =  −0.0004𝑥2 + 0.1293𝑥 
Steam Valve 1 FCV_622 𝑦 = 0.0076𝑥 + 0.0592 
Steam Valve 2 FCV_642 𝑦 = 0.0073𝑥 + 0.0523 




3.3 Flow Transmitter Data 
Each of the flow transmitters that are attached to a major pump have been tested and used to 
create a pump curve that will allow the flow out of a pump for a given pump speed to be 
estimated. The process of doing this was straight forward: run the pump at a continuous speed 
such that it maintains a constant tank level, and then measure how much water flows from the 
pump within a one minute time period. This gave a flow rate value for a given flow transmitter 
value, from which a linear equation could be derived. 
𝑦 = 𝑎𝑥 
Equation 3 Flow Transmitter Line Equation 
 
Where y is the flow through the transmitter in Litres per minute, a is the flow constant for each 
transmitter and x is the value being read from the transmitter. 
The flow equation for each transmitter can be seen in Table 3. 
Table 3 Flow transmitter data 
Flow transmitter ID Respective Pump Flow Equation 
FT_148 FP_141 𝑦 = 0.151455𝑥 
FT_247 BMP_241 𝑦 = 0.256053𝑥 
FT_347 CRP_341 𝑦 = 0.202688𝑥 
FT_363 CUP_361 𝑦 = 0.102313𝑥 
FT_523 FDP_521 𝑦 = 0.150763𝑥 
FT_569 NTP_561 𝑦 = 0.152591𝑥 
FT_687 PP_681 Waste stream 𝑦 = 0.152949𝑥 




3.4 Pump Data 
Each of the pumps used in the operation of the pilot plant were to be flow tested so that a pump 
curve could be created. At first, they were tested by filling the related tank, setting the pump to a 
fixed speed and observing the change in the tank level after a period of time. However this 
method proved to be ineffective due to a number of reasons. The first is that the flow of the 
pump for a given pump speed setting would change based on the height of the tank level. The 
second is that not all pumps were operating correctly, and some would flow water into a tank 
even when the pump was disabled, which invalidated the data. 
After realising that this method was ineffective, it was decided to use the flow transmitter 
readings to create the pump curve. This method involved using the automatic control built in to 
the Station software to maintain a steady liquid height in the tanks, and then setting the pumps 
to a specific speed, waiting for the flow to stabilise and then use the reading from the flow 
transmitters to gain an accurate flow reading. The data was then collected and displayed in a 
chart using Microsoft Excel, and a line of best fit was produced. 
The polynomial best fit equations relating pump flow to pump speed can be found in Table 4. 
Each of the individual pump curves are available to be viewed in the appendix. In the given 
equations, y is equal to the flow out of the pump in litres per minute, and x is the pump speed in 
a given value between 0 to 100. 
Table 4 Pump flow data 
Pump Name Pump ID Flow Equation 
Feed pump FP_141 𝑦 =  −0.0003𝑥2 + 0.1557𝑥 
Ball mill pump BMP_241 𝑦 = −0.0006𝑥2 + 0.2707𝑥 
Cyclone underflow recycle pump CRU_341 𝑦 =  −0.0002𝑥2 + 0.1031𝑥 
Cyclone underflow pump CUP_361 𝑦 = 0.0436𝑥 − 1.1164 
Flow disturbance pump FDP_521 𝑦 = 0.0002𝑥2 + 0.087𝑥 
Needle tank pump NTP_561 𝑦 = 0.0006𝑥2 + 1.1175𝑥 






3.5 Hydrocyclone Data 
A model for the behaviour of the hydrocyclone was created by varying and monitoring the 
output flow on the ball mill pump and then measuring how much water was flowing into the 
cyclone underflow tank. The speed of the ball mill pump was stepped from 0 to 100 in intervals 
of 10, and the amount of water was flowing into the cyclone underflow tank was measured over 
a one minute time period. With the water flow rate into the cyclone and the water flow rate out 
of the bottom of the cyclone being known, the amount of water flowing out of the top of the 
cyclone was able to be calculated. The results are displayed in Table 5.  
Table 5 Hydrocyclone flow data 










0 0 0 0 0 0 
10 3.813 3.868 0 100 0 
20 5.892 5.913 0 100 0 
30 7.954 7.993 0 100 0 
40 9.572 9.570 0.002 99.983 0.017 
50 12.057 9.153 2.904 75.916 24.084 
60 13.622 9.228 4.393 67.747 32.253 
70 15.612 9.883 5.729 63.306 36.694 
80 17.600 10.640 6.960 60.453 39.547 
90 19.574 11.477 8.097 58.632 41.368 
100 21.528 12.687 8.842 58.930 41.070 
 
The data from Table 5 was then used to create a plot of the behaviour of the hydrocyclone, as 
can be seen in Figure 2. The plot was later used in the simulated model. 
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Chapter 4 Implementing Plant-wide 
Control 
One of the main objectives of this thesis was to implement different control strategies on the 
pilot plant and compare the results. This was done by utilising two different control strategies: 
PI and DMC. The next task was to develop an Excel spread sheet that allows the plant to be 
automatically controlled with both control methods, as well as to be controlled manually. The 
process of implementing each of these control methods is detailed below. 
 
4.1 Creating Microsoft Excel Spread sheet 
A Microsoft Excel spread sheet was used to implement the different control schemes in the pilot 
plant. By using the provided add-on titled Microsoft Excel Data Exchange, the Excel spread 
sheet has the ability to communicate with the pilot plant server. This allows the spread sheet to 
read sensor values from the plant such as flow and level sensor values as well as send its own 
commands through the server to the pumps and valves. 
 
Figure 3 Overview page of Microsoft Excel spread sheet. 
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The spread sheet consists of an overview page, where all basic information for the system can 
be viewed, a communications page that is constantly sending and receiving data to and from the 
server, a page that reads the historical values of all of the process and manipulated variables, 
main pages that are dedicated to each section of the plant (Ball Mill, Needle tank, CSTR), as 
well as pages that contain information necessary for calculations. The main pages contain a 
diagram of the related plant stage, as well as all of the necessary controls for each of the built in 
PI controllers. This will allow the user to see at a glance how the system is performing, as well 
as easily make any desired adjustments to the system. 
 
Figure 4 Server communications page for system inputs and outputs 
 
Figure 4 shows the page in the spread sheet that controls all of the system inputs (or process 
variables) and outputs (manipulated variables). It is receiving all of the system inputs for the 
server and displaying them in a neat fashion so that they can be easily read by any other page in 
the spread sheet. It also lists all of the system outputs that are being sent to the server, as well as 
the value that it is reading from the other pages that are to be sent directly to the server. This 
makes it easier to change which value is sent in the event that something needs to be tested or 





Figure 5 Historical values page 
 
Figure 5 shows the page in the spread sheet that retrieves stored historical data from the server 
for all of the necessary process and manipulated variables and displays it in such a way that 
makes it simple and easy to find and use in other pages. This is necessary because Microsoft 
excel cannot store data when it is constantly refreshing and recalculating values all of the time, 






Figure 6 Main control page for needle tank stage. 
 
Each main control page includes all of the relevant inputs and outputs for that particular stage. 
For example, the page dedicated to the Needle Tank stage displays the information being read 
from the level sensors in both the non-linear tank and the needle tank, as well as controls to turn 
the pumps associated with the tanks on and off, set the speed at which the pumps operate, and 
adjust the position of the valves. All main pages have the ability to choose between manual 
operation and PI control, while the CSTR page also offers the choice of either DMC or PI 
control for the temperature system.  
 
4.2 Open-Loop Step Test Results 
Before implementing any control scheme on the plant, data was taken on how the plant operates 
in an open-loop state. This data was later used to validate the open-loop model, and also to 
compare the behaviour to the closed-loop controlled plant. Each of the main pumps and valves 
were stepped and the plant data was recorded. It is worth mentioning that the ball mill tank, 
cyclone underflow tank and CSTR 3 all behave as pure capacity systems, whereas the non-
linear tank and needle tank do not. This is due to the fact that the outlet of the non-linear tank 




Figure 7 FP_141 5% increase in pump speed 
 
Figure 7 shows the effect of increasing the speed of the feed pump (FP_141) by 5% on the ball 
mill tank level (LT_222). It shows that there is a small delay between increasing the pump 
speed and any actual change on the ball mill tank level. This is due to the water from the pump 
having to pass through the ball mill before entering the ball mill tank. The ball mill tank and the 
feed pump behave as a pure capacity system. Due to this relationship, it was decided to control 
































Figure 8 BMP_241 5% increase in pump speed 
 
Figure 8 shows that an increase of 5% on the pump speed of the ball mill pump (BMP_241) will 
result in a decrease in the level in the ball mill tank (LT_222). It also shows that an increase of 
5% pump speed in the ball mill pump does not have an immediate effect on the cyclone 
underflow tank level (LT_322), and in fact will cause it to decrease over time. This is due to the 
behaviour of the hydrocyclone which was mentioned previously. The behaviour of the 
hydrocyclone at this particular flow rate causes the level in the cyclone underflow tank to 
slowly decrease rather than increase. This is because more water is flowing out of the top of the 
hydrocyclone into the lamella tank and there is actually less water flowing down into the 
cyclone underflow tank than there was before the increase in pump speed. The ball mill pump 
was not used in any control loops, as doing so would cause major interaction issues between the 

































Figure 9 CRP_341 5% increase in pump speed 
 
As mentioned previously, there are two outlet pumps for the cyclone underflow tank. One is a 
recycle pump (CRP_341) that feeds water back to the ball mill tank, and the other feeds directly 
back into the supply tanks (CUP_361). Figure 9 shows that an increase in the pump speed of the 
cyclone underflow recycle pump results in a decrease in the level of the cyclone underflow tank, 
as well as an increase in the level of the ball mill tank. It was decided that the cyclone underflow 
recycle pump would be used to control the level of the cyclone underflow tank, due to the fact 
that even at maximum pump speed, the cyclone underflow pump has a considerably lower 
maximum flow rate when compared to the cyclone underflow recycle pump. This means that 


































Figure 10 CUP_361 5% decrease in pump speed 
 
As can be seen in Figure 10, a decrease of 5% in the speed of the cyclone underflow pump 
(CUP_361) will result in the level of the cyclone underflow tank slowly increasing. Even 
though this pump does not flow as much as the cyclone recycle pump, it is necessary to have it 
running in order to prevent the cyclone underflow tank from overflowing if the pump speed of 
the ball mill pump (BMP_241) is increased too high, as it is the largest pump in the system and 




































Figure 11 FCV_541 5% increase in valve position 
 
Figure 11 shows that an increase in the raw water valve (FCV_541) position will result in an 
increase the level of the non-linear tank. The raw water valve was chosen as the manipulated 

































Figure 12 FDP_521 5% increase in pump speed 
 
Figure 12 displays the results of a 5% increase in pump speed for the flow disturbance pump 
(FDP_521). It can be seen that the non-linear tank and the needle tank do not always behave as 
a pure capacity systems, even though that is what they are. When a step change is made to the 
pump speed of the flow disturbance pump, there is a sudden change in the flow reading as 
shown by the flow transmitter FT_523. However, the flow out of the pump is also influenced by 
the difference in level between the non-linear tank and the needle tank, which can be seen by 
looking at how FT_523 drops in value as the level in the non-linear tank decreases and the 
needle tank level increases. The interaction between the two tanks causes them to constantly 
seek out a state of liquid level equilibrium. This is due to how they are connected. Note that in 





































Figure 13 Diagram of non-linear tank and needle tank system (drawn by Kevin Liang) [8] 
 
The inlet stream of needle tank from the flow disturbance pump connects to the bottom of the 
needle tank. This is different from every other tank in the plant, where the inlet stream for the 
tank will enter from the top of the tank. Having the inlet stream enter at the bottom of the tank 
causes the level in the needle tank to have a negative effect on the flow out of the flow 
disturbance pump. Maintaining a higher level in the needle tank causes more weight pressure on 
the water flowing in from the flow disturbance pump, but also more pressure on the water 
flowing out of the needle tank through the needle tank pump. This is why the flow transmitters 
on each pump can be seen to seek out a balance in flow between the two pumps in the open-





Figure 14 NTP_561 5% increase in pump speed 
 
Figure 14 shows that an increase in the pump speed for the needle tank pump (NTP_561) will 
result in a decrease in the level of the needle tank (LT_501). It was decided to control the needle 
tank level with the needle tank pump, and leave the flow disturbance pump as a constant that 
could be altered later if desired. By leaving the flow disturbance pump as a constant, this 
ensures that the controllers for the non-linear tank level and needle tank level will not affect 
each other. The needle tank pump does also have an effect on the level of the CSTR 3, however 




































Figure 15 PP_681 5% increase in pump speed 
 
As can be seen in Figure 15, increasing the speed of the product pump (PP_681) results in a 
decrease in the level of CSTR 3 (LT_667). Due to the product pump being the only exit stream 
for the CSTR 3, and it not having an effect on another tank, it was chosen to be the manipulated 



































Figure 16 FCV_622 5% increase in valve position 
 
Figure 16 shows the open-loop temperature response for an increase of FCV_622 by 5% from 
10% to 15%. It shows that the temperature in one heated tank will affect each tank that follows 













































Figure 17 FCV_642 5% increase in valve position 
 
Figure 17 shows the open-loop temperature response for increasing FCV_642 from 10% to 
15%. As was shown in Figure 16, Figure 17 also shows that the temperature in each heated tank 
is affected by the steam valve as well as the temperature in the tanks before it. This can be seen 














































Figure 18 FCV_662 5% increase in valve position 
 
Figure 18 shows the temperature response of CSTR 3 when FCV_662 is increased from 10% to 
15%. It has a similar response to Figure 16 and Figure 17, however there are no more tanks 
downstream that can be impacted by the temperature increase. 
 
4.3 Control Loop Pairing 
The control loop pairings that were selected for the automatic control of the pilot plant are 
displayed in Table 6. These particular control loops leave the ball mill pump and flow 
disturbance pump as free variables that can be used as disturbance variables by manually 












































Table 6 Control loop pairing 
Process Variable Manipulated Variable 
Ball mill tank level (LT_222) Feed pump (FP_141_ 
Cyclone underflow tank level (LT_322) Cyclone recycle pump (CRP_341) 
Non-linear tank level (LT_542) Raw water valve (FCV_541) 
Needle tank level (LT_501) Needle tank pump (NTP_561) 
CSTR 3 level (LT_667) Product pump (PP_681) 
CSTR 1 temperature (TT_623) Steam valve 1 (FCV_622) 
CSTR 2 temperature (TT_643) Steam valve 2 (FCV_642) 
CSTR 3 temperature (TT_663) Steam valve 3 (FCV_662) 
 
4.4 Level and Temperature Control with PI 
PI control was implemented in the spread sheet by using the Velocity Form. The velocity form 
is an equation that calculates the required change of the manipulated variable based on the 
tuning parameters as well as the error signal, and this change is then be added to the previous 
value and sent to the server. This is why there is a page in the spread sheet that is dedicated to 
retrieving historical values from the server. The equation for the velocity form is shown below 
[6]: 






) 𝜀(𝑘) − (
2𝜏𝑑
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𝜀(𝑘 − 2)] 
Equation 4 Velocity Form [6] 
 
Where Kc is equal to the controller gain, τi is equal to the integral time, τd is equal to the 
derivative time, Δt is equal to the timeframe in which the program is recalculating, ε(k) is equal 
to the error signal at (k) point in time, and Δu(k) is equal to the change in the manipulated 
variable that should be implemented in the current cycle [6]. 
This equation makes it very easy to adjust tuning parameters on the fly without impacting rate at 
which the commands are being sent to the server, as values for Kc, Δt, τi, and τd can each be set 
in a separate cell and referenced in the equation. This is how all of the PI controllers for the tank 
level and temperatures were entered, and each controller has individual cells nearby to allow 
users to adjust each tuning parameter separately as can be seen in Figure 6. Once the velocity 
form was entered in to the spread sheet and basic PI control was achieved, the controllers were 
properly tuned by using Auto Relay Tuning. 
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It should be noted that whilst τd would not normally be present in the equation when using PI 
controllers, the performance of the controllers was found to be better when including a τd with a 
value of 0 in the equation, than it was when τd was removed from the equation completely. 
4.4.1 Controller Tuning 
In order to determine correct tuning parameters for each of the controllers, it was decided to 
perform the Auto Relay Tuning method on each of the tanks. Auto relay tuning is a method of 
tuning that involves forcing the process variable to oscillate about a desired set point by 
aggressively changing the manipulated variable, as can be seen happening in Figure 19 [6]. 
 
Figure 19 Auto relay tuning data for the needle tank 
 
Once this has been performed, the data is analysed to determine the ultimate period of 
oscillation (Pu) as well as the amplitude of the wave. From here, the ultimate controller gain 






































Equation 5 Ultimate proportional controller gain [6] 
 
Where h is equal to the amplitude of the manipulated variable change, and A is equal to the 
amplitude of the resulting process variable wave. The Pu and Kcu were then be used in 
accordance with Ziegler and Nichols Stability Margin controller tuning parameters in order to 
determine the correct controller parameters [6]. 
Table 7 Ziegler-Nichols stability margin controller tuning parameters [6] 
Controller Type Kc τi τd 
P 0.5Kcu - - 
PI 0.45Kcu Pu/1.2 - 
PID 0.6Kcu Pu/2 Pu/8 
 
As the controllers are PI, the PI controller tuning parameters were used and control parameters 
were obtained for each controller. 
Table 8 Results from auto relay tuning to determine controller parameters 
Tank Name Pu h A Kcu Kc τi 
Ball mill 324.6667 10 2.1592 5.8969 2.6536 270.5556 
Cyclone underflow 175.333 15 2.1767 8.7742 -3.9484 146.1111 
Non-linear 300 12 2.137 7.1497 3.1611 250 
Needle 95 20 2.505 10.1656 -4.5745 79.1667 
CSTR 3 (level) 145 10 2.23 5.7096 -2.5693 120.8333 
CSTR 1 (temperature) 319 10 0.385 33.0712 14.8820 265.8333 
CSTR 2 (temperature) 285 10 0.54 23.5785 10.6103 237.5 
CSTR 3 (temperature) 220 10 0.53 24.0234 10.8105 183.3333 
 
Once the controller tuning was finished, the new control parameters were entered into each cell 
for the different stages and the controllers were tested to ensure correct operation. Once 
everything was confirmed to work correctly, closed-loop test results were taken. 
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4.4.2 Closed-Loop PI Results 
Once the PI controllers had been tuned and tested, proper closed-loop control results could be 
collected. Each tank was submitted to a set point change of equal magnitude and the results 
were recorded. These results will be compared with each other, as well as against the Simulink 
model in order to validate the model. Each test will measure the rise time and settling time of 
the controller, as well as any overshoot and offset at steady state. The disturbance rejection 
capabilities of the controllers were also tested by stepping either a separate pump/valve or 
stepping one tank which will have an effect on another. 
 
Figure 20 Ball mill tank 5% increase in level set point (PI) 
 
As can be seen in Figure 20, the PI controller for the ball mill tank has excellent set point 
tracking. The increase in level set point of 5% (from 50% to 55%) was implemented at t = 350 
seconds. The controller has a rise time of 490 seconds which is acceptable, although this could 
be reduced by increasing the gain of the controller. The total settling time is 1130 seconds 
which is very long, however because the controller only has a small amount of initial overshoot 
(0.5% level) as well as offset (0.3% level), it can be considered to be stable and almost at steady 
state after the initial rise. 
Tank name Rise time (s) Settling time (s) Overshoot (%) Offset (%) 



































Figure 21 Cyclone underflow tank 5% increase in level set point (PI) 
 
Figure 21 shows that the PI controller on the cyclone underflow tank also has excellent set point 
tracking. The 5% increase in level set point (from 70% to 75%) was introduced at t = 130 
seconds. The rise time of the cyclone underflow tank controller is 320 seconds and the settling 
time is 570 seconds. This controller is similar in behaviour to the ball mill tank controller in the 
way that it has a very small amount of overshoot and no offset. It does however react faster to a 
set point change than the ball mill tank, which can be attributed to its higher controller gain and 
slightly smaller tank volume. Figure 21 also demonstrates that the disturbance rejection ability 
of the controller on the ball mill tank, as the feed pump can be seen to be increasing and 
decreasing in order to maintain the set point. 
Tank name Rise time (s) Settling time (s) Overshoot (%) Offset (%) 





































Figure 22 BMP_241 5% increase in pump speed for disturbance rejection (PI) 
 
Figure 22 shows the system response of the ball mill tank and cyclone underflow tank 
controllers to an increase in the ball mill pump speed of 5% at t = 328 seconds. The controller 
on the cyclone underflow tank handles the disturbance nicely due to only being affected by the 
flow of the ball mill pump; however the controller on the ball mill tank has a more difficult time 
returning to steady state. This is due to not only the increased flow from BMP_241, but also the 
changing flow from the CRP_341 as the level controller for the cyclone underflow tank takes 
appropriate action. Despite the extra disturbance seen by the ball mill tank controller, it also 
manages to return to steady state after enough time passes. The cyclone underflow tank 
controller experiences a decrease of 2.5% in level while the ball mill tank controller experiences 
a decrease of 5.7% in level. The settling times for both controllers are longer for the disturbance 
rejection tests than for the set point tracking tests. 
Tank name Settling time (s) Level change (%) 
Ball mill tank 1457 -4.7 





































Figure 23 CUP_361 5% decrease in pump speed for disturbance rejection (PI) 
 
Figure 23 displays the controller response for both the cyclone underflow tank and ball mill tank 
to a 5% decrease in the cyclone underflow pump speed (100% to 95%) at t = 181 seconds. Due 
to the fact that the maximum output flow of CUP_361 is almost ten times less than that of 
BMP_241 (see flow charts in appendix), the overall disturbance on the system is nowhere near 
as great. The controller on the cyclone underflow tank is easily able to adjust to the difference in 
flow with minimal change in level, as is the controller on the ball mill tank. 
Tank name Settling time (s) Max level change (%) 
Ball mill tank 479 +0.9 





































Figure 24 Non-linear tank 5% increase in level set point (PI) 
 
Figure 24 shows the response of the non-linear tank level controller to a 5% increase in level set 
point (70% to 75%), with the step being introduced at t = 270 seconds. With a rise time of 410 
seconds and a settling time of 1090 seconds, it can be seen that the controller for the non-linear 
tank is not as quick to respond as the cyclone underflow tank. However it still has good set point 
tracking with overshoot of only 1% and offset of -0.7%. It behaves similarly to the controller for 
the ball mill tank, with both controllers having similar process variable responses.  
Tank name Rise time (s) Settling time (s) Overshoot (%) Offset (%) 



































Figure 25 Needle tank 5% increase in level set point (PI) 
 
The needle tank is the fastest reacting tank in the system, thanks to its high controller gain, low 
integral time and considerably low tank volume. As can be seen in Figure 25, the needle tank 
controller displays incredibly good controller response. With a level set point change of 5% 
(50% to 55%) being introduced at t = 220 seconds, the needle tank has a rise time of 105 
seconds and a settling time of 225 seconds. There is no offset present, however there is still 
some overshoot as is the case with all of the controllers. The CSTR 3 controller does see an 
increased flow in from the needle tank pump, however this is easily dealt with. 
Tank name Rise time (s) Settling time (s) Overshoot (%) Offset (%) 




































Figure 26 CSTR 3 5% increase in level set point (PI) 
 
Figure 26 shows the controller response for the level controller on CSTR 3. It shares the same 
response curve as the rest of the controllers and responds in a similar time. A level set point 
increase of 5% (from 90% to 95%) was introduced at t = 110 seconds, and the controller has a 
rise time of 265 seconds and a settling time of 750 seconds. CSTR 3 has the second fastest rise 
time out of all the tanks, however its higher overshoot and longer settling time out it behind the 
cyclone underflow tank in terms of overall system response. 
Tank name Rise time (s) Settling time (s) Overshoot (%) Offset (%) 




































Figure 27 FDP_521 5% increase in pump speed for disturbance rejection (PI) 
 
Figure 27 shows the controller response for the non-linear tank, needle tank and CSTR 3 
controllers for a 5% increase in the flow disturbance pump speed at t = 409 seconds (50% to 
55%). As expected, all of the controllers handle the change smoothly. The needle tank controller 
is once again the fastest to react with a settling time of 158 seconds; however it also has the 
greatest change in level of 1.8%. Figure 27 also shows the reason why the gain for the needle 
tank controller is the highest, and that is because the needle tank is affected the most by 
disturbances out of all of the tanks, which is why the controller has to act quickly in order to 
prevent the tank from overflowing in the event of large sudden increase in flow from the flow 
disturbance pump. 
Tank name Settling time (s) Level change (%) 
Non-linear tank 538 1.2 
Needle tank 158 1.8 











































Figure 28 CSTR 1 5 °C increase in temperature set point (PI) 
 
Figure 28 displays the results of the first set point tracking test for the temperature system in the 
heated tanks. The temperature set point of CSTR 1 was increased by 5 °C (from 42 °C to 47 °C) 
at t = 200 seconds and the system response was recorded. It can be seen that CSTR 3 is largely 
unaffected by the temperature change due to having CSTR 2 act as a buffer, however CSTR 2 
starts to become affected when the temperature in CSTR 1 nears the new set point of 47 °C 
because the controller cannot close the steam valve any further. Due to the much larger 
controller gains for the temperature controllers, it can be seen that the steam valves do not 
operate as smoothly as the pumps that control level. This does have an impact on the quality of 
control over the temperature, however it is quite small due to the slow response of the 
temperature system to any changes. It is also important to note that the steam pressure is an 
uncontrolled and unpredictable disturbance as it does not react in a predictable manner. It 
should be noted that, like the flow transmitters, the steam pressure transmitter is dimensionless. 
Tank name Rise time (s) Settling time (s) Overshoot (°C) Offset (°C) 












































Figure 29 CSTR 2 5 °C increase in temperature set point (PI) 
 
Figure 29 shows the controller response for the temperature in CSTR 2 to a temperature set 
point increase of 5°C (from 52 °C to 57 °C) at t = 170 seconds. The controller has a longer rise 
time than the temperature controller on CSTR 1. This could be due to the lower controller gain, 
and it could also be due to the influence of the fluctuating steam pressure at the time of the test. 
Even with the long rise and settling times, the temperature controller for CSTR 2 still has good 
control. The temperature in CSTR 3 starts to increase as the temperature in CSTR 2 rises above 
56.5 °C as, once again, the controller for CSTR 3 cannot close the valve any further than it 
already is. 
Tank name Rise time (s) Settling time (s) Overshoot (°C) Offset (°C) 












































Figure 30 CSTR 3 5 °C increase in temperature set point (PI) 
 
Figure 30 shows how the temperature controller on CSTR 3 behaves in response to an increase 
in the temperature set point (from 62 °C to 67 °C). The set point change was implemented at t = 
130 seconds. It has the smoothest controller action of all three heated tank temperature 
controllers, as well as the lowest offset. In terms of controller rise time, 494 seconds places it 
between CSTR 1 and CSTR 2. 
 
Tank name Rise time (s) Settling time (s) Overshoot (°C) Offset (°C) 














































4.5 Temperature Control with DMC 
Dynamic Matrix Control was implemented on the temperature system of the heated tanks in 
order to compare it to the performance of PI control. The process of implementing DMC was 
more involved than implementing PI control, and required the data from the open-loop step tests 
that were taken for the temperature of each CSTR. The first step is to decide on the control 
parameters U and V (called the control horizon and prediction horizon respectively). These 
parameters determine the size of the matrices that will be used in the calculations. 
The prediction horizon was chosen to be 600 seconds in order to cover approximately 60% of 
the total response time and to cover the majority of the dynamic response. Using the same Δt as 
the rest of the spread sheet of 5 seconds, this gives a value of 120 for the prediction horizon. 
The Δt was kept the same as the rest of the spread sheet so that everything could be operated 
from the one spread sheet and control could be interchangeable between PI and DMC. The 
control horizon was then chosen to be 20, as experience in previous units has shown that a 
control horizon equal to approximately one fifth of the prediction horizon works well.  
Once the control and prediction horizons have been determined, they set the sizes for every 
other matrix that needs to be calculated. The names and sizes of each matrix required is listed in 
the table below. 
Matrix name Matrix size How to calculate values 
A VxU Data taken from unit step test 
AT UxV Transpose A matrix 
H VxU Data taken from unit step test 
W1 VxV User defined 
W2 UxU User defined 
S Vx1 









Ê’ Vx1 Ê′𝑖 =  𝐸𝑛 −  𝑃𝑖 
KDMC UxV 𝐾𝐷𝑀𝐶 =  (𝐴
𝑇𝑊1𝐴 + 𝑊2)
−1𝐴𝑇𝑊1 
ΔmDMC Ux1 ∆𝑚𝐷𝑀𝐶 =  𝐾𝐷𝑀𝐶Ê
′ 




Figure 31 Calculating A and H values from unit step response data [9] 
 
By converting the step test data into data for a unit step test, the data can be examined and used 
to create the A and H matrices for the DMC calculations. Figure 31 demonstrates how this was 
done. Once these matrices have been created, the user must define the W1 and W2 matrices. 
The W1 and W2 matrices determine the weighting ratio for the DMC and affect how the 
controller will behave. A ratio that favours W1 will place more weighting on reducing the error 
of the system and make the controller more aggressive, while a ration that favours W2 will 
place more emphasis on reducing the aggressiveness of the controller and limit the size of the 
changes made to the manipulated variable. Once the W1 and W2 matrices have been created to 
the desired weighting ratio, the rest of the required matrices can be created and calculated in 
excel. It is important to note that the S, P, Ê’, K, and Δm matrices need to be recalculated in 
every iteration with freshly retrieved data from the pilot plant server. 
When all the matrices have been integrated into the spread sheet and everything is running 




4.5.1 DMC Weighting Ratio Tests 
Before any conclusive results could be gathered from testing, different weighting ratios were 
tested and compared in order to determine which gave the best performance. These tests were 
done on CSTR 2. After all tests were completed, the data was analysed and the optimum w1:w2 
weighting ratio was determined and implemented across all three heated tank controllers. 
 
Figure 32 DMC test on CSTR 2 with W1:W2 = 1 
 
Figure 32 shows the data from the test with a weighting ratio of 1. The set point change of 5 °C 
was done at t = 267 seconds and this ratio gave a rise time of 117 seconds. For some reason, the 
DMC never seems to truly settle and always continues to oscillate. Due to this, the settling time 
parameter will be removed from the DMC. The w1:w2 of 1 resulted in an overshoot of 5°C and 
an oscillation of +-1.5°C. 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 












































Figure 33 DMC test on CSTR 2 with W1:W2 = 2 
 
Figure 33 shows the test data with a weighting ratio of 2. The set point change was implemented 
at t = 297. The controller is more aggressive in its mv changes and improves on the controller 
performance with a ratio of 1 in all areas, however it actually opens the valve slightly less on the 
first pulse which may be due to the high steam pressure at the time. It has a lower rise time as 
well as lower overshoot and less of an oscillation. This test data also nicely shows how the 
DMC will react to the changing steam pressure, by looking at the increasing control action as 
the steam pressure drops over time. 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 














































Figure 34 DMC test on CSTR 2 with W1:W2 = 5 
 
Figure 34 displays the data of the test with a weighting ratio of 5, and a set point change at t = 
264. The by increasing the weighting ratio further, the controller becomes more aggressive and 
makes larger changes to the steam valve, resulting in a lower temperature oscillation. However 
it actually has a slightly slower rise time than the previous test. This could be partly due to the 
low steam pressure at the time of the step change, as not only does the controller step the steam 
valve faster, but it also opens it more than in previous tests. Once again, the changing steam 
pressure can be seen to have an effect on how far the controller opens the steam valves. 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 













































Figure 35 DMC test on CSTR 2 with W1:W2 = 10 
 
Figure 35 shows the DMC test data, in which a weighting ratio of 10 was trialled. In this final 
test, the set point change was implemented at t = 230. As expected, the control action on the 
valve is more aggressive and the pulses are done over a shorter period of time than in previous 
tests. The large initial pulse in valve opening can be attributed to the low steam pressure at the 
time, as it did not reach that low in previous tests. The rise time is reduced and the oscillation in 
temperature is still less than 1°C, however the overshoot is slightly higher than any other test. 
The higher overshoot is due to the aggressive controller action caused by the higher weighting 
ratio. 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 













































4.5.2 DMC Results 
After reviewing the results from the different weighting ratio tests, it was decided to proceed 
with a weighting ratio of 10 for each controller. In this instance, the faster response and lower 
value of oscillation was more desirable than the smaller overshoot and slower rate of oscillation. 
With the weighting ratio now chosen, tests could be done on the performance of each tank 
controller. 
During these tests, it was found that the controller for CSTR 2 had the best performance and the 
controller for CSTR 3 was quite acceptable, but the controller on CSTR 1 was quite poor and 
did not have the same controller behaviour as the controller for CSTR 2. The controller 
response time was still acceptable; however the oscillations were larger which was not ideal. 
This is due to the different responses in the unit step test data and the different matrices. After 
analysing the results and comparing them, it was decided to try using the data and matrices from 
CSTR 2 on the other tanks in order to find out if that would improve control. Figure 37 and 
Figure 38 display the results of the tests done with the original DMC on each of the heated 
tanks, while Figure 39 and Figure 40 show the results from swapping the tanks over to the DMC 
for CSTR 2. 
 
Figure 36 CSTR 2 5 °C increase in temperature set point (DMC) 
 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 
















Figure 37 CSTR 1 5 °C increase in temperature set point (DMC) 
 
As mentioned above, the DMC controller on CSTR 1 did not perform as well as the controller 
for CSTR 2. The results for a temperature set point increase of 5 °C can be seen in Figure 37, 
and they show that the CSTR 1 DMC has much larger oscillations and a slower rise time than 
that of the controller for CSTR 2, however it does have less overshoot. The set point increase 
was implemented at t = 136 seconds. 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 












































Figure 38 CSTR 3 5 °C increase in temperature set point (DMC) 
 
As can be seen in Figure 38, the DMC controller for CSTR 3 had much better performance than 
the controller for CSTR 1, however it was still tested with the DMC for CSTR 2 as well in order 
to find out if the performance could be increased. Figure 38 shows the results of increasing the 
temperature set point by 5 °C in CSTR 3. The set point increase was implemented at t = 231 
seconds. 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 











































Figure 39 CSTR 1 5 °C increase in temperature set point using DMC controller designed 
for CSTR 2 
 
Figure 39 shows the results of a temperature step change test done in CSTR 1 using the DMC 
controller originally designed for use on CSTR 2. It can be seen by looking at the results below 
that the rise time and oscillation size has been reduced significantly, however the controller now 
overshoots more than it did previously. 
 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 













































Figure 40 CSTR 3 5 °C increase in temperature set point using DMC controller designed 
for CSTR 2 
 
Figure 40 shows the results of a temperature step change test done in CSTR 3 using the DMC 
controller originally designed for use on CSTR 2. The results show that there was little to no 
benefit from implementing the second DMC for CSTR 3, as the performance of the original 
controller was acceptable enough as it was, unlike the one for CSTR 1 
 
Tank name W1:W2 Step time (s) Rise time (s) Overshoot (°C) Oscillation (°C) 
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4.6 Comparing Results 
Once all of the testing had been done, the results were analysed in order to determine which 
control system performs better. It was found that the PI controllers were much slower to 
respond than the DMC controllers, however they had very little overshoot and offset, and did 
not oscillate when performing a set point change. The DMC controllers responded much faster 
and were able to react to the change in steam pressure, but they had significantly higher 










Offset / Oscillation 
(°C) 
CSTR 1 PI 445 700 0.3 -0.4 
CSTR 1 DMC 209 - 4.2 +-3 
CSTR 1 DMC (CSTR 
2) 
102 - 5.7 +-1.7 
CSTR 2 PI 700 1130 1 0.2 
CSTR 2 DMC 104 - 4.8 +-0.8 
CSTR 3 PI 494 940 0.8 0 
CSTR 3 DMC 113 - 3.1 +-1 
CSTR 3 DMC (CSTR 
2) 
108 - 3.3 +-1.3 
Table 10 Comparison of temperature control data 
 
Table 10 shows the results data for each tank under each control method and compares them. 
Judging from the results, the PI control has tighter control over the tank temperature even 
though it is slower to respond. As the PI control is feedback only, it is able to handle small 
changes in disturbances like the steam pressure but larger changes cannot be predicted and take 
longer for the controller to respond to. In this particular case, the steam pressure generally drops 
at a steady rate so it is not too much of an issue. Even with large fluctuations in steam pressure, 
there is not a massive change in temperature which is good. PI control would be ideal for 
maintaining a constant temperature due to how simple it is to implement and tune. 
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The DMC results show that it is much faster to react than the PI control. It is able to quickly 
react to set point changes as well as disturbances like the changing steam pressure. Even when 
there are large fluctuations in the steam pressure, the DMC is able to react quickly and adjust to 
the new conditions. The main issue with the DMC is that it oscillates about the set point instead 
of settling to a new steady state value. Many tests were done in order to try to understand why 
this is the case, and it appears to be an issue with the model data used in the A matrices, rather 
than incorrect tuning parameters. The A matrix has a direct effect on most of the other matrices, 
including the KDMC matrix, which is the main control matrix for the DMC. It is for this reason 
that it is believed that a more accurate unit step response model and new matrices would result 
in smoother control over the temperature process. However, it should be noted that even with 
the oscillations in the process variable, the DMC still comes with within 1°C of the set point in 
most cases, which is considered very good. If the oscillations could be removed, then the DMC 





Chapter 5 Simulink Simulation 
Industrial processes often take hours or even days to start up and get to operating conditions. 
This can even be seen on a smaller scale process such as the pilot plant, in the time it takes to do 
some of the open-loop and closed-loop tests. If these processes were able to be simulated and 
tests were conducted within the simulation, it would save lots of time, effort and money. Tests 
and tuning could be conducted on the simulation and then trialled on the real world process 
afterwards. This is the second main objective of this thesis: to create a simulation of the pilot 
plant that can be used for testing and controller tuning. 
A simulation of the pilot plant was created in Simulink by using the mass balance equations of 
the system as well as all of the physical data gathered. All of the tank measurement, as well as 
pump and valve flow curves were used to simulate the behaviour of the plant. The mass balance 
equations were entered into a subsystem to represent each tank in the plant, with each pump and 
valve being represented by a step block that can be adjusted by the user. The simulation was 
split into three categories: an open-loop system with no control method, a closed-loop PI 
controlled system, and a system with PI controlled level and DMC controlled temperature. Each 
simulation can be opened and run independently. 
 
5.1 Building the Simulation 
The simulation of the pilot plant was created in Simulink using mass balance equations as the 
base. Each tank was created as a subsystem with the relevant inputs and outputs, and the mass 
balance equation for the tank was placed inside the system as shown in Figure 41. This allows 
the simulation screen to be more neat and organised by condensing and hiding most of the 
blocks and wires behind the main screen. 
 




Figure 42 NTP_561 flow calculation subsystem in Simulink 
Figure 42 shows that the same thing was done with the pumps and valves. This makes it easier 
to navigate through the upper levels of the simulation without having to search through 
hundreds of smaller blocks. All of the pump and valve equations were implemented into their 
respective subsystem. The closed-loop simulations include a controller on the manipulated 
variable as shown in Figure 43 and Figure 44. 
 





Figure 44 DMC Controller in Simulink 
 
Figure 45 shows the main page of the simulation. This page displays all of the crucial 
information, as well as provides the ability to alter tank set points and pump speeds. This is the 
first level of the simulation and has been made to look as clean as possible while still providing 
the necessary controls. It is possible to go deeper into the simulation by opening up one of the 
three system blocks seen at the top of the screen.  
 
Figure 45 Main page for simulated model 
 
Figure 46 shows the model for the CSTR section of the plant, which includes subsystems for the 
steam valves, product pump, and one for the level and temperature system of the CSTR’s. There 
are two more systems similar to this: one for the needle tank stage of the plant and one for the 
ball mill stage of the plant. The user would enter these systems if they had reason to change the 
control parameters or create a scope to view the actions taken by each controller, otherwise the 
main screen one level above provides all of the controls that the user would normally require. 
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5.2 Model Validation 
Once the simulated model had been completed, the next step was to validate it against data 
taken from the real world plant. The same tests that were conducted on the plant were conducted 
on the model and the results were reviewed in order to determine whether or not the model was 
accurate. 
5.2.1 Open-Loop Validation 
 
Figure 47 FP_141 5% pump speed increase in Simulink model 
 
Figure 47 shows the simulated model open-loop step response for increasing the FP_141 pump 
speed by 5%. The response of the model is extremely close to the response of the real world 




Figure 48 BMP_241 5% increase in pump speed in Simulink model 
 
Figure 48 shows the simulated model open-loop step response for increasing the BMP_241 
pump speed by 5%. It can be seen again that the response of the model is extremely close to the 
response of the real world plant, which is this time shown in Figure 8. The only difference is the 
initial spike in pump action for BMP_241. This was purposely done in the simulation in order to 
maintain steady level readings for the ball mill tank and cyclone underflow tank, and can be 
ignored when looking at the system responses after the time of the main step. The reason this 
had to be done is because there is a physical delay of 15 seconds between stepping the feed 
pump (FP_141) and having water reach the ball mill tank. When this delay was added to the 
simulated model, it meant that the other pumps would have to be set to zero initially, and then 
stepped to their operating conditions at t = 15 seconds into the simulation in order to maintain 




Figure 49 CRP_341 5% increase in pump speed in Simulink model 
 
Figure 49 shows the model step response to an increase in the speed of the CRP_341 of 5%. If 
the initial step that occurs at t = 15 seconds is ignored as was suggested previously, then it 




Figure 50 CUP_361 5% decrease in pump speed in Simulink model 
 
Figure 50 shows the simulated system response to a pump speed decrease of 5% to the 
CUP_361. It is the same sytems response as can be seen in Figure 10. This shows that each of 
the models used in the ball mill stage of the simulation are a correct and accurate reflection of 





Figure 51 FCV_541 5% increase in valve position in Simulink model 
 
Figure 51 shows the simulated system response to an increase in the FCV_541 valve position by 
5%. By comparing it to the results shown in Figure 11, it can be seen that the simulated model 
results in 8% more of an increase in the non-linear tank level than the real world system. 
However it should also be noted that the raw water valve in the simulation sits at a slightly 
higher steady state condition than the physical plant (43.3% in the simulation compared to 41% 




Figure 52 FDP_521 5% increase in pump speed in Simulink model 
 
Figure 52 shows the behaviour of the Simulink model to a 5% increase in the speed of the 
FDP_521. The model shows how the real system would be expected to react if the flow 
disturbance pump outlet was connected in such a way that it fed into the top to the needle tank 
in the same manner as every other tank in the system and not how it is shown in Figure 13. This 
is the reason that open-loop simulated results shown in Figure 52 and Figure 53 display 




Figure 53 NTP_561 5% increase in pump speed in Simulink model 
 
The system response of the simulated model to a 5% step in the pump speed of NTP_561 can be 
seen in Figure 53. As is also shown in Figure 52, the needle tank level in the simulation does not 
plateau and instead behaves in a linear fashion. The response of the needle tank level is the only 
difference in behaviour between the simulated responses shown in Figure 52 and Figure 53 and 




Figure 54 PP_681 5% increase in pump speed in Simulink model 
 
Figure 54 shows the behaviour of the simulated model in response to an increase of 5% to the 
speed of the PP_681. It should be noted that there is a time delay between stepping the flow out 
from the needle tank pump (NTP_561) and that flow change being seen by the CSTR 3, due to 
the water having to first travel through the first two heated tanks. Due to this, another time delay 
was put into the model for the heated tanks, and this is why the product pump steps from 0 to 





Figure 55 FCV_622 5% increase in valve position in Simulink model 
 
Figure 55 shows the simulated response for a 5% increase in the position of FCV_622. The 
initial temperatures for CSTR 1, 2 and 3 are 36.4 °C, 47 °C and 54.5 °C, and the final 
temperatures are 39.9 °C, 49.7 °C and 56.4 °C. The simulation does not show as large of an 
increase in temperature as the real world tests, however it should be mentioned that the 
changing steam pressure was not modelled in the simulation as it was incredibly unpredictable 
and an averaged value for the steam pressure was used instead. Even though the values for 




Figure 56 FCV_642 5% increase in valve position in Simulink model 
 
Figure 56 shows the simulated response for a 5% increase in the position of FCV_642. The 
initial temperatures for CSTR 2 and 3 are 47 °C and 54.5 °C, and the final temperatures are 50.1 




Figure 57 FCV_662 5% increase in valve position in Simulink model 
 
Figure 57 shows the simulated response for a 5% increase in the position of FCV_662. The 
initial temperature for CSTR 3 is 54.5 °C and the final temperature is 56.4 °C. 
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5.2.2 PI Control Validation 
 
Figure 58 Ball mill tank 5% increase in level set point in Simulink model (PI) 
 
Figure 58 shows the model response to an increase in level set point for the ball mill tank by 
5%. The reaction time for the simulation is faster than in the physical plant, but the response 
curve is very similar. 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 490 1130 0.5 0.3 





Figure 59 Cyclone underflow tank 5% increase in level set point in Simulink model (PI) 
 
Figure 59 displays the results of a 5% increase in level set point at t = 130 seconds for the 
simulated model of the cyclone underflow tank. The cyclone underflow tank level controller 
responds faster in the simulation than it does in the physical plant, but the controller on the ball 
mill tank level has similar disturbance rejection performance in the simulation to the physical 
plant. 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 320 570 0.5 0 




Figure 60 BMP_241 5% increase in pump speed for disturbance rejection in Simulink 
model (PI) 
 
Figure 60 shows the simulated system response to an increase of 5% to the speed of the 
BMP_241 at t = 300 seconds. The simulation responds much quicker than the physical system, 
and so the controllers for the ball mill tank and cyclone underflow tank do a better job at 
maintaining the level and rejecting the disturbance.  





Ball mill tank Physical - 1457 -4.7 0 
Ball mill tank Simulated - 700 -2.3 0 
Cyclone 
underflow tank 
Physical - 613 -2.5 0 
Cyclone 
underflow tank 





Figure 61 CUP_361 5% decrease in pump speed for disturbance rejection in Simulink 
model (PI) 
 
Figure 61 shows the response of the simulated model to a decrease of 5% to the CUP_361 pump 
speed. It can be seen that the two controllers handle the disturbance very well, with no 
noticeable level change in either the cyclone underflow tank or the ball mill tank. Figure 23 
shows the physical data for this test, and the change in level on the physical tanks was also 
minimal. These results show that the model is proving to be an accurate representation of the 
plant. 





Ball mill tank Physical - 479 0.9 0 
Ball mill tank Simulated - - 0 0 
Cyclone 
underflow tank 
Physical - 272 0.5 0 
Cyclone 
underflow tank 




Figure 62 Non-linear tank 5% increase in level set point in Simulink model (PI) 
 
Figure 62 displays the behaviour of the simulated model when subjected to an increase in the 
level set point of the non-linear tank of 5% at t = 250 seconds. As can be seen by comparing 
Figure 62 to Figure 24, the results are very similar and the tank level behaves almost exactly the 
same. The difference can be seen when looking at the controller action, as all controllers in the 
simulation have a large initial spike in control action when the step change is introduced. This 
does not happen in the physical plant. The real world controllers have a much smoother control 
action, but still give very similar control performance. 
 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 410 1090 1 -0.7 





Figure 63 Needle tank 5% increase in level set point in Simulink model (PI) 
Figure 63 shows the response of the simulated model to an increase of 5% in the level set point 
(from 50% level to 55% level) of the needle tank at t = 200 seconds. It can be compared to 
Figure 25, which displays the data gathered from the real world test. It can be seen that both the 
simulated controller and the real world controller have similar performance, which suggests that 
the simulated model is accurate. 
 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 105 225 1 0 




Figure 64 FDP_521 5% increase in pump speed for disturbance rejection in Simulink 
model (PI) 
 
The simulated response for a 5% increase in the FDP_512 speed (50% to 55%) can be seen in 
Figure 64. The disturbance step was introduced at t = 400 seconds, and the results show that the 
simulated controllers actually respond slower than those in the physical plant. The results for the 
same test in the physical plant can be seen in Figure 27. 
 
Tank name Data Type Rise time (s) Settling time (s) Level change 
(%) 
Offset (%) 
Non-linear tank Physical - 538 1.2 0 
Non-linear tank Simulated - 600 1.3 0 
Needle tank Physical - 158 1.8 0 
Needle tank Simulated - 250 2 0 
CSTR 3 Physical - 419 1.6 0 





Figure 65 CSTR 3 5% increase in level set point in Simulink model (PI) 
 
Figure 65 displays the performance of the level controller on the CSTR 3 to an increase in level 
set point of 5%. As mentioned previously, there is a delay in the heated tank system which 
requires the PP_681 be switched on at t = 15 instead of t = 0. This is one of only two differences 
between the simulated results and the physical results, with the second being the immediate step 
of the controller at the time of the set point change. 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 265 750 1.4 0 





Figure 66 CSTR 1 5 °C increase in temperature set point in Simulink model (PI) 
 
Figure 66 shows the simulated model response to an increasing the temperature set point for 
CSTR 1 of 5°C from 42 °C to 47 °C. As is the same with the level controllers, the temperature 
controller for CSTR 1 has a very large initial spike in controller action. 
 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 445 700 0.3 -0.4 





Figure 67 CSTR 2 5 °C increase in temperature set point in Simulink model (PI) 
 
Figure 67 shows the simulated model response to an increasing the temperature set point for 
CSTR 2 of 5°C from 52 °C to 57 °C. As is expected, the simulation reacts much faster than the 
physical system; however the shape of the temperature curve remains the same. 
 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 700 1130 1 0.2 




Figure 68 CSTR 3 5 °C increase in temperature set point in Simulink model (PI) 
 
Figure 68 shows the simulated model response to an increasing the temperature set point for 
CSTR 3 of 5°C from 62 °C to 67 °C. As is expected, the simulation reacts much faster than the 
physical system; however the shape of the temperature curve remains the same. 
 
Data Type Rise time (s) Settling time (s) Overshoot (%) Offset (%) 
Physical 494 940 0.8 0 







5.2.3 DMC Validation 
 
Figure 69 CSTR 1 5 °C increase in temperature set point in Simulink model (DMC) 
 
Figure 69 shows the simulated model response with DMC to a 5 °C change in the temperature 
set point of CSTR 1 (42 °C to 47 °C). Just like in the physical plant, the DMC in the simulation 
oscillates about the set point and does not settle. The set point change was implemented at t = 
100 seconds. 
Data Type W1:W2 Rise time (s) Overshoot (°C) Oscillation (°C) 
Physical 10 102 5.7 1.7 





Figure 70 CSTR 2 5 °C increase in temperature set point in Simulink model (DMC) 
 
Figure 70 shows the response of the simulated DMC controller for CSTR 2 to a temperature set 
point increase of 5 °C (52 °C to 57 °C) at t = 200 seconds. The slightly slower response time 
than the physical test, however the overshoot in the simulation is lower than the overshoot in the 
plant. 
Data Type W1:W2 Rise time (s) Overshoot (°C) Oscillation (°C) 
Physical 10 88 5.7 0.8 






Figure 71 CSTR 3 5 °C increase in temperature set point in Simulink model (DMC) 
 
Figure 71displays once again the performance of the DMC controller within the simulated 
model. CSTR 3 was subjected to an increase of 5 °C in temperature set point to bring it from 62 
°C to 67 °C, at t = 200 seconds. The simulated response is slightly faster than the physical 
response and has less oscillation, although the simulation overshoots the set point by slightly 
more than the physical plant. 
 
Data Type W1:W2 Rise time (s) Overshoot (°C) Oscillation (°C) 
Physical 10 108 3.3 1.3 





Chapter 6 Conclusion 
Both control methods were successfully implemented into the pilot plant; however the results 
show that the performance of the PI controller was far greater than the performance of DMC.  
The simulated model also showed better control performance with PI than with DMC. This 
suggests that PI control is better suited for use in the pilot plant than DMC. 
After analysing the performance of the simulated model against the physical data, it can be seen 
that while the simulation is not perfectly accurate, the overall dynamic behaviour of the model is 
almost identical to that of the physical plant. With a good model on hand, tests can be quickly 
and easily conducted in the simulation before moving over to the physical plant. This will 
reduce the amount of time wasted waiting for the plant to reach operating conditions or new 
steady state conditions. 
The model has been created with the intention to make it easy to modify. This was done so that 
any potential changes that are made to the plant can also be easily transferred into the model. 
Some improvements that can be made to the pilot plant include: 
 Adding a level sensor to the lamella tank. 
In the current state of the plant, it is extremely difficult to fill the Lamella tank enough so 
that it will overflow into the Needle tank, but not so much that water overflows from the 
whole tank. A level sensor would allow the user to know exactly how much water is in the 
tank, and even add a level controller. It would also allow the user to safely run the Lamella 
underflow pump, without fear of running the pump dry. 
 Including the dye tank in the general operation of the plant. 
Adding the dye tank and conductivity sensors into the plant operation would be ideal. A 
thesis has already been completed on this subject, and discusses ways to implement this. 
 Adding flow meters to each of the recycle streams in the CSTR stage. 
Individual recycle stream flow meters would allow the user to use the recycle streams 
within the CSTR bank to their fullest but indicating how much water is flowing in each 
stream. As it currently stands, the user can see how much water is flowing from tank 3 into 
the recycle stream, but not specifically how much water is going back to which tank. 
In conclusion, both objectives for the thesis were completed successfully. The model was 
created and found to be accurate by validating it against physical data, and it was found that PI 
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Appendix A Test data from Plant 
A.1 Flow test data 
 
Figure 72 FCV_622 flow test data 
 
 





























Figure 74 FCV_662 flow test data 
 
 



























Figure 76 FDP_521 flow data 
 
 


















































Figure 78 PP_681 flow data 
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Figure 80 CRP_341 flow data 
 
 







































A.2 Open-loop step tests 
 
Figure 82 FP_141 5% increase in pump speed 
 
 



































Figure 84 BMP_241 5% increase in pump speed 
 
 


































Figure 86 CRP_341 5% increase in pump speed 
 
 































Figure 88 CUP_361 5% decrease in pump speed 
 
 



































Figure 90 FCV_541 5% decrease in position 
 
 


































Figure 92 FDP_521 5% decrease in pump speed 
 
 


































Figure 94 NTP_561 5% decrease in pump speed 
 
 



































Figure 96 PP_681 5% decrease in pump speed 
 
 


































Figure 98 FCV_642 5% increase in valve position 
 
 


































A.3 PI control level step tests 
 
Figure 100 Set point tracking for +-5% in level set point for ball mill tank (PI) 
 
 


































Figure 102 Disturbance rejection for +-5% pump speed of BMP_241 (PI) 
 
 



































Figure 104 Set point tracking for +-5% level set point for non-linear tank (PI) 
 
 


































Figure 106 Set point tracking for +-5% level set point for CSTR 3 (PI) 
 
 

































A.4 PI control temperature step tests 
 
Figure 108 Set point tracking for +5 °C in temperature set point for CSTR 1 (PI) 
 
 

































Figure 110 Set point tracking for +5 °C in temperature set point for CSTR 3 (PI) 
 
A.5 DMC temperature step tests 
 

































Figure 112 DMC test on CSTR 2 with W1:W2 = 2 
 
 






























Figure 114 DMC test on CSTR 2 with W1:W2 = 10 
 
 

































Figure 116 Set point tracking for +5 °C in temperature set point for CSTR 2 (DMC) 
 
 


































Figure 118 CSTR 1 control with DMC for CSTR 2 
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